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The purpose of this study was to identify the environ­
mental factors that most affect spotted knapweed (Centaurea 
maculosa L.) success in Western Montana. Environmental data 
describing sites where spotted knapweed presently occurs 
were collected throughout western Montana in all major 
habitat types and in every area west of the Continental 
Divide where spotted knapweed is currently a problem. Over 
all habitat types spotted knapweed success was correlated 
with degree of disturbance and with moisture-stressed 
environments. However, the variable that explained the most 
variation in average distance between knapweed plants 
changed as the site conditions changed. In habitat types 
wetter than the Douglas-fir (Pseudotsuga men z i es i i) group, 
disturbance intensity influenced spotted knapweed success 
the most, while soil texture and topographic position were 
also important. In the grass and shrub habitat types, 
aspect was the most important predictive variable, followed 
by disturbance intensity. In the intermediate habitat types 
no single variable was consistently more important in in-
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If we are in our imaginations to give one species an 
advantage in the struggle for existence probably in no one 
case would we know what to do (Darwin 1859). Whatever that 
advantage may be, however, spotted knapweed (Centaurea 
maculosa L.) does seem to have a definite advantage when 
growing in Montana. Spotted knapweed was first observed 
in the state in the 1920s; it now occupies 1,600, 000 acres 
and is present in every county (French and Lacey 1983, 
Chicoine 1984). Originally an intruder only of disturbed 
rangelands (Morris and Bedunah 1984), spotted knapweed now 
exists in nearly every habitat type west of the Continental 
Divide; it ranges from the driest bitterbrush/ bluebunch 
wheatgrass (Purshia tridentata/Agropyron spicaturn) zone to 
the lush western hemlock/beadlily (Tsuga heterophy1la/ CIin-
tonia uniflora) forest. 
After establishing in an area, spotted knapweed density 
often increases. Simultaneous production of desirable 
forage decreases, sometimes by as much as 90% (Baker et al . 
1979, Harris and Cranston 1979). This causes serious finan­
cial losses to ranchers, and it reduces the capacities of 
big game ranges to produce winter forage (Spoon et al . 
1983). Even western Montana's timber producing potential 
may be threatened because spotted knapweed competes with 
conifer seedlings for water and nutrients (Spoon et al . 
1983). Also, spotted knapweed has an allelopathic toxin 
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that has inhibited germination of larch (Larix occidentali^s) 
seeds and reduced the growth of larch and lodgepole pine 
(P inus contorta) seedlings in laboratory tests (Kelsey and 
Locken, in press). 
More must be known about the ecological tolerances of 
spotted knapweed before the spread of this weed can be 
slowed in Montana. Does this weed threaten the productivity 
of all of Montana's uncultivated lands, or is there a 
limited combination of environmental factors that allow its 
success? The objective of this study was to identify the 
environmental factors that most affect spotted knapweed 
success in western Montana. 
Literature Review 
A key to spotted knapweed's success lies in its abun­
dant seed production, which in Montana averages 1000 
seeds/plant (Story 1976). Once seeds are present in an 
area, the weed can colonize soils with a wide range of 
chemical and physical properties. In fact, Watson and Ren-
ney (1974) reported that the only soil property correlated 
with plant density was degree of soil disturbance. 
Although it has been reported that knapweeds are uncom­
mon in shaded areas (Watson and Renney 1974), Spears et al. 
(1980) found that spotted knapweed germinates equally well 
over a range of 0 to 100% canopy cover. In addition, Watson 
and Renney (1974) observed that percent germination in the 
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dark was significantly greater (Pj(0.05) than when 12 hours 
of exposure to light were followed by 12 hours of darkness. 
Continuous light further reduced the percentage of seeds 
germinating. It appears, then, that low light intensity 
does not reduce knapweed germination. However, other condi­
tions common to a forest floor, such as a thick litter 
layer, may hamper knapweed germination and/or survival after 
germinat ion. 
While spotted knapweed seeds will germinate under a 
broad range of temperatures from 7° to 34° C (Watson and 
Renney 1974), soil moisture requirements for germination are 
very specific. Spears et al. (1980) reported 90% germina­
tion when soil moisture was 65% or 70%. However, at 75% 
soil moisture, only 73% of the seeds germinated, while at 
55% soil moisture no seedlings emerged. 
Soil moisture appears to be a critical element govern­
ing time of germination. In eastern Washington, Schirman 
(1984) observed that during a "wet June" about 7 0% of 
planted knapweed seeds emerged and survived. On the other 
hand, seeds planted during a "dry June" had a low emergence 
rate. 
In another study, Schirman (1981) found that the ear­
lier a seedling emerged in a given year, the greater the 
chances that it flowered the following year. Seventy to 75% 
of the plants seeded in March or April flowered one year 
after germination, while none of those planted in June or 
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July flowered a year later. Hence, timing of precipitation 
during a particular year impacts knapweed densities for 
several years into the future. 
In addition to influencing when knapweed flowers, 
precipitation also influences the number of seeds that any 
one plant will produce. Schirman (1981) observed that 
during a wet year more flowers form on each spotted knapweed 
stem, and more seeds develop within each flower. Unlike 
many perennial grass plants that require a year to recover 
vigor after a drought, spotted knapweed responds immediately 
to moist, favorable conditions (Schirman 1981, 1984). 
Hence, knapweed seeds may invade bare soil left exposed 
after perennial forage plants have retreated during drought. 
Therefore, spotted knapweed stands may expand in pulsations 
(Morris and Bedunah 1984) whenever rain follows drought. 
Surges in spotted knapweed populations after drought 
could likely occur even if seed production did not increase 
during wet periods, since this opportunist also produces 
ample seeds under dry conditions. In British Columbia, Wat­
son and Renney (1974) found that spotted knapweed averaged 
436 seeds/plant on dry rangeland as opposed to 25,263 
seeds/plant under irrigated conditions. Schirman (1981) 
reflected that even if only 0.1% of the seeds produced in a 
year germinated and flourished, stand densities of this weed 
would remain constant. 
Viability tests have shown that 77% of buried spotted 
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knapweed seeds were viable after 12.5 months (Chicoine 
1984). After remaining buried in soil for 5 years, 40% were 
viable if planted 2 inches or deeper, while approximately 
20% remained viable when planted at one inch (Schirman 
1984). Therefore, even after many years of controlling 
spotted knapweed on the same site, the soil may still store 
a viable reserve of seeds. 
Spotted knapweed seeds are dispersed when the achene is 
flicked from a mature seed head as the parent plant is 
jarred. This flicking action allows a spotted knapweed 
stand to expand about a meter outward from its perimeter 
each year. However, spotted knapweed achenes may also be 
transported by mammals, birds, humans and vehicles. This 
allows the weed to become established far from the parent 
stand and hastens its spread (Strang et al. 1979, Baker et 
al. 1979, Watson and Renney 1974). 
Once a seed source is available the weed may germinate 
in any patch of bare soil. Gopher mounds, overgrazed range, 
motor bike tracks, or the natural bare spaces between plants 
on semi-arid rangeland are all potential sites for spotted 
knapweed invasion. Even range in excellent condition will 
support some rodent activity, and will have microsites where 
knapweed may establish (Morris and Bedunah 1984). 
Spotted knapweed was introduced from Europe and Asia; 
thus, once it is established in Montana, it is rarely preyed 
upon by diseases or herbivores since it has no natural 
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enemies in North America. In addition, the allelopathic 
toxin, cnicin, that is produced in knapweed leaves possibly 
discourages herbivores from developing a preference for the 
weed (Locken 1985). Therefore, spotted knapweed retains 
vigor while adjacent plants are selectively grazed. 
Spotted knapweed begins growth in late fall or early 
spring, which is a definite advantage (Watson and Renney 
1974). This allows knapweed to capture space, moisture, and 
nutrients before competitors break dormancy (Harper 1977). 
In addition, spotted knapweed's allelopathic toxin, cnicin, 
may reduce growth of competitors such as bluebunch 
wheatgrass (Agropyron spicaturn) and rough fescue (Festuca 
scabrella) in rare cases where cnicin is found in high con­
centrations in the soil (Kelsey and Locken in press, Locken 
1985)= Therefore, once spotted knapweed is established, it 
can grow at the expense of more desirable plants. In one 
study on Blue Mountain near Missoula, Montana, forage 
production increased from 26 to 852 pounds/acre after a 
spotted knapweed stand was treated with two annual applica­
tions of 2,4-D (Baker et al. 1979). 
Methods 
Environmental data describing sites where spotted 
knapweed presently grows were collected throughout Western 
Montana during the summers of 1984 and 1985. Sites for 
data collection were located by driving along major and 
secondary roads west of the Continental Divide. All Nat­
ional Forests were covered, along with as many lands ad­
ministered by the Bureau of Land Management and the State 
of Montana, as time permitted. All sites infested with 
spotted knapweed were sampled as they were encountered. In 
this way data were collected in each of western Montana's 
major habitat types, including every area where knapweed is 
currently a problem. Data collection was concentrated in 
the more common habitat types and in habitat types where 
spotted knapweed is more important. Data were collected in 
grassland and shrubland types only where knapweed infesta­
tions were not so dense as to make identification of the 
habitat type impossible, and where herbicides had not been 
used to alter the vegetation. Infestations were rare in 
wetter habitat types (outside of road ditches) so fewer of 
these sites were examined. No data were obtained, of 
course, from areas where knapweed did not occur. Data were 
collected on 30 sites in the wetter habitat types, 141 
sites in the Douglas- fir (Pseudotsuga menz ies i i) series, 22 
sites in the ponderosa pine (Pinus ponderosa) series, and 
31 sites in the grass/shrub types (See Appendix 2). 
Data Collection 
Plant Distance. One of the most important characteris­
tics to be measured at each site was that of spotted knap­
weed importance. Visual reconnaissance of the site estab­
lished that the plants were present, but some measurement 
was needed to describe how important the species was, or 
how successful it was in establishing a population on that 
site having those ecological characteristics. Plant density 
seemed to reflect spotted knapweed's ability to establish 
and survive on a site. The options were to measure spotted 
knapweed density directly by counting the number of in­
dividual plants in a quadrant, or to measure the mean dis­
tance from a point to the nearest knapweed plant. The lat­
ter measurement was more convenient and considered adequate 
for describing the success of the invader on that site. 
The closest individual method (Cottam and Curtis 1956) 
was used to measure plant distance along 200 m transects 
through the knapweed-infested areas. The direction of the 
transect was chosen so that it ran through the most repre­
sentative portion of the knapweed stand, while remaining on 
the same aspect. At every ten-meter interval along the 
transect, the distance to the nearest spotted knapweed 
plant was measured in meters. If the nearest plant touched 
the point from which distance was being measured, the dis­
tance was recorded as 0.1 m. If the nearest knapweed plant 
was further than 10 m from the point, the distance was re­
corded as 10 m. 
When a road was adjacent to the study site, average 
knapweed distance was also measured parallel to the road 
along 200 m transects. 
Site Characteristics. Other site characteristics in 
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addition to plant distance were measured and recorded at 
each transect location. These included habitat type 
(Pfister et al. 1977, Mueggler and Stewart 1980), elevation 
(m) , true aspect (aspect-1), degrees from south (aspect-2), 
percent slope, topographical position, slope configuration, 
soil texture, and disturbance intensity. 
Elevation was measured with an altimeter, percent slope 
with an Abney level, and aspect with a hand held compass. 
Soil texture was determined by hand and then recorded as 
follows: 1 = Clay; 2 = Clay Loam; 3 = Silty Loam; 4 = Loam; 
5 = Sandy Loam; and 6 = Loamy Sand. 
Topographical position was also a coded variable. The 
following classes were observed in the field: 1 = Ridge; 2 = 
Upper Slope; 3 = Mid Slope; 4 = Lower Slope; 5 = Bench or 
Flat; and 6 = Stream Bottom, However, preliminary analysis 
showed there were no significant differences between 
knapweed densities on ridges, upper slopes, and mid slopes, 
or between densities on lower slopes, benches, and bottoms. 
Therefore, for this analysis topographical position classes 
were lumped so that 1 = Ridge, Upper Slope, and Mid Slope; 
and 0 = Lower Slope, Bench or Flat, and Stream Bottom. Four 
classes were recorded for slope configuration: 1 = Concave; 
2 = Undulating; 3 = Straight; and 4 = Convex. 
The following disturbance classes were recorded for the 
sites where they applied: logging system; incidence of 
fire; intensity of rodent activity; intensity of grazing 
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pressure; and presence of mechanical activity, trails, or 
roads. Subsequently, disturbance categories were translated 
into a 0 to 100 scale using disturbance keys (See Appendix 
1). The objective of the disturbance key was to translate 
the coded disturbance classes into a continuous variable 
which accurately reflects the impact of disturbance on a 
site. For this reason disturbance keys were based on the 
two variables that control the effect of disturbance: a) 
amount of bare soil exposed to invading seed, and b) 
proportion of the site's reproductive capacity which has 
been lost (Connell and Slayter 1977). A site's reproductive 
capacity is the combination of seeds being produced by 
plants growing in the area and of the seeds already stored 
in the seed bank (Harper 1977). 
Originally, four disturbance keys were devised (See Ap­
pendix 1), each assigning a different proportion of impor­
tance to the amount of bare soil exposed and to the 
decrease in reproductive capacity. The rating system that 
explained the most variation in the multivariate factor 
analysis, and that was used for subsequent statistical 
analyses, was one that assigned the loss of a site's 
reproductive capacity three times the importance of the size 
and frequency of bare soil openings. For example, a road 
received 25 points for its entirely exposed bare surface, 
and 75 points for its complete loss of reproductive 
capacity. However, the proportion of importance assigned 
11 
to the loss of reproductive capacity and to percent of bare 
soil exposed probably was not very important. This is be­
cause a disturbance which drastically curtails a site's 
reproductive capacity also usually creates large open areas 
free from competing vegetation. For this reason scores of a 
disturbance class were similar regardless of the rating 
system used. For example, the class that was described as 
Clearcut, Burn, Rodents High received a large score from all 
four systems, while the Grazing Low class was assigned a 
low number. In fact, when each of the four disturbance 
variables was used in factor analyses along with the 
remaining variables, the percent variation of plant dis­
tance explained by the factor model varied by only 3.4% -
from 68 to 71.4% 
uaua niia xjr oxa 
Data were analyzed using the principal components 
method of factor analysis and with multivariate regression 
analysis. Data were transformed into Z scores to complete 
the factor analysis. Residuals were analyzed to determine 
the normality of the data for the regression analysis. The 
entire sample was normal as were the subsets of wet habitat 
types, Douglas-fir habitat types, and ponderosa pine types. 
However, the dependent variable, distance, was squared in 
order to normalize the grass and shrub data subset. Var­
iables were entered using the step method. Both paired t-
tests and grouped t-tests were used for the appropiate data. 
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The significance level was 0.05. Statistical analyses are 
described by Johnson and Wichern (1982) and Ott (1984). 
Results 
As the site became more dry or more disturbed, the 
average distance between spotted knapweed plants decreased 
(Table 1). Since the average distance between plants is 
much greater in the wet habitat types (See Appendix 2), 
spotted knapweed is not as successful here as it is in the 
Douglas-fir series, ponderosa pine series, grass, and shrub 
types (Appendix 2). Similarly, spotted knapweed is more 
successful in the pine, grass and shrub types than it is in 
the Douglas-fir series. Plant distances are also sig­
nificantly greater on sites with low distubance as compared 
to sites with medium or high disturbance. Likely, the dif­
ference between plant distance on medium- and highly-
disturbed sites is not significant because of an interac­
tion with moisture. For example, as much knapweed may grow 
on a moderately-disturbed dry site as grows on a highly 
disturbed wet site. The distance between plants is very 
small along roads suggesting that spotted knapweed is espe­
cially successful in an environment that is not only very 
disturbed, but in many cases provides little competition 
from other plant species. 
Since knapweed stands were rare in those habitat types 
wetter than the Douglas-fir series (See Appendix 2), few 
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transects were run in these moist types. The extremely 
small sample sizes made statistical evaluation of knapweed 
success between types impossible. Hence, these transects 
were grouped into the "wet" category. 
On the other hand, the fact that few transects were run 
in these wet types suggests that knapweed is uncommon here. 
Lack of knapweed could be due to a scarcity of seeds, or to 
knapweed's failure to germinate, or to compete in wetter 
habitat types. If lack of seeds were the only factor limit­
ing knapweed success in these wetter types, one would not 
expect to find such a large difference between plant dis­
tance on and off the roads (Appendix 2). Rather, the dif­
ferences would be small as observed on the following drier 
types: bitterbrush/bluebunch wheatgrass (Purshia tridentata/ 
Agropyron spicatum) , big sagebrush/'biuebunch wheatgrass 
(Artemisia tridentata/ Agropyron sp i ca turn) , Idaho 
fescue/bluebunch wheatgrass (Fes^uca idajioensj. s/ Agropyron 
spicaturn) , bluebunch wheatgrass/Sandberg bluegrass 
(Agropyron sp i ca turn/ Poa sandberg i i), and rough fescue/ 
bluebunch wheatgrass (Festuca scabrella/ Agropyron 
spicatum) . However, since the distance between plants is 
much smaller on roads in wetter types, it appears that 
spotted knapweed is more successful at germinating and sur­
viving in very disturbed environments. As pointed out 
above, there is a small difference between knapweed success 
on and off the roads in the driest habitat types. 
Therefore, disturbance is not as critical to knapweed sur­
vival on drier sites. 
Factor analysis was performed to determine which en­
vironmental variables may interact to affect the distance 
between spotted knapweed plants over all habitat types 
(Table 2). Factor One represents an interaction between 
high elevations, ridge or upper slope tomographic 
P ositi ° * Wh ilG, these 
three traits generally do coincide on mountain tops, there 
is almost no relationship between them and knapweed success. 
While the magnitude of each of their loadings on Factor One 
is large (0.654, 0.763, 0.536), the loading of plant dis­
tance is very small (-0.012). Each loading expresses the 
proportion of a variable (such as plant distance) that is 
explained by a given factor (such as Factor One) . When a 
variable has a high loading on a factor, as do distance 
(0. 790) and disturbance (-0. 858) on Factor Two, the variable 
is closely related to that factor. Hence, distance and 
disturbance are closely related to Factor Two and to each 
other. Factor Two can be thought of as a disturbance/plant 
distance interaction. The sign of the loadings reveal the 
nature of this relationship. The negative disturbance and 
the positive distance imply that a small amount of dist­
urbance is related to a large distance between plants. 
Factor Two and Factor Three explain most of the varia­
tion (71.4%) of spotted knapweed's average plant distance. 
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Table 1. Average distance between spotted knapweed plants 
for habitat type groups and disturbance classes. 
Habitat Type Distance Disturbance Distance 
Groups * (m) Class (m) 
Wet 5. 71 a** Low (0-25) 4. 71 a 
Douglas-Fir 3. 45 b Medium (26-50) 3. 55 b 
Ponderosa Pine 2. 24 c High (51-99) 2. 97 b 
Grass/Shrub 2. 82 c Road (100) 0. 88 c 
* See Appendix 2 for exact habitat types that were lumped 
into each group. 
**Those mean values within the same column not followed 
by the same letter are significantly different (P<C0.05). 
Table 2. Factor loadings matrix for knapweed factor 
analysis. 
Factor One Factor Two Factor Three 
Plant Distance -.012 . 790 -.300 
Di sturbance .003 -.858 -.147 
Elevation .654 -. 224 . 144 
Topographic Position .763 -.060 -. 038 
Slope Configuration . 536 . 227 . 028 
Soil Texture -. 149 .005 .833 
Aspect-2 -.306 . 196 -.519 
Percent Slope . 558 . 107 .564 
Note: The magnitude of each loading expresses the degree of 
relationship between each variable and the corresponding 
factor. Amount of variation in plant distance explained by 
the factor model is equal to the sum of the squared 
loadings. That is, amount of variation in plant distance 
explained by this model is: (-.012) + (.790) + (-.300) 
= .714 or 71.4%. 
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Whereas Factor Two is a disturbance/plant distance 
interaction, Factor Three is probably a moisture stress 
relationship. Although soil texture (0.833) is strongly re­
lated to Factor Three, aspect-2 (-0.519) and percent slope 
(0.564) are also somewhat related to Factor Three and to 
soil texture. Positive soil texture symbolizes coarse 
soil, negative aspect-2 indicates few degrees from south or 
a southern exposure, and positive slope suggests steep 
slopes. Factor Three then is an interaction between coarse 
soil, southern exposure, and steep slopes, which probably 
relate to moisture stress. Also, on sites with this 
combination, bare soil can compose up to 20% of the undis­
turbed climax community (Mueggler and Stewart 1980). The 
negative loading for plant distance (-0.300) on Factor 
Three indicates that distance between knapweed plants is 
smaller on these drier sites. 
Factor analysis was performed with all measured vari­
ables (except plant distance) to examine the relationship 
of disturbance to the other elements (Table 3). The load­
ings of disturbance, slope configuration, and percent slope 
are all large on Factor Two. In this case a negative con­
figuration implies concave or moist slopes, and a negative 
slope indicates gentle slopes. Hence, disturbance was 
greater on moist, gentle slopes than on dry, steep slopes. 
Since clearcuts are rarely done on fragile, steep slopes; 
cattle prefer to graze in valley bottoms or on benches; and 
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rodents generally burrow in deep top soil, mostly in valley 
bottoms or on benches, it is not surprising that disturbance 
is greater in these more-resilient environments. Therefore, 
while the distance between spotted knapweed plants is less 
in disturbed environments and on moisture-stressed sites, 
the moisture- stressed sites are less likely to be 
d i sturbed. 
Several trends in the correlations between plant dis­
tance and independent variables are apparent between the 
wet, intermediate, and dry habitat groups (Table 4). The 
positive topographic position correlation with plant dis­
tance in the wet group indicates that spotted knapweed is 
more dense on bottoms, benches, and lower slopes than on 
middle and upper slopes, and ridgeto'ps. On the other hand, 
distance bewteen knapweed plants is less on upper slopes 
and ridgetops in the arid grass and shrub types. Distance 
between knapweed plants is small on concave slopes in the 
wet group, and on convex slopes in the dry group. While 
the weed is much more successful on coarse-textured soils 
in the wet habitat types, soil texture is not important in 
the drier types. The intermediate Douglas-fir and pon-
derosa pine series represent a tension zone of numerous 
environmental interactions where no measured variable 
(except disturbance intensity in the pine series) is suffi­
ciently powerful to regulate knapweed success. 
The regression equations reflect the correlation 
statistics (Table 5). In the wet group, distance between 
spotted knapweed plants is greatly impacted by disturbance 
and soil texture, and somewhat less by topographic position. 
In the drier shrub and grass group, aspect is the most im­
portant factor, while disturbance also is quite signifi­
cant. However, in the Douglas-fir and ponderosa pine types 
there was no regression relationship that explained a high 
proportion of the variation in knapweed density (none 
greater than 31%). 
Discussion 
Success of spotted knapweed on any site is the outcome 
of a myriad of factors, both abiotic and biotic. Soil 
texture, aspect, percent slope, competitive vigor of neigh­
boring plants, and inhibition from allelopathic toxins are 
all variables that could make the critical difference. 
However, the importance of each variable changes as the en­
vironment becomes more arid (Table 4). For example, in 
wetter types there is almost no bare soil open to invading 
plants prior to disturbance. Since initial densities of 
biennial weed seedlings depend on the percentage of bare 
ground and on the number of seeds sown (Holt 1972, Gross and 
Werner 1982), knapweed requires disturbance before it can 
establish in wet areas that have no natural bare soil 
component. 
Disturbance creates open soil space into which knapweed 
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Table 3. Factor loadings for disturbance factor analysis-
Factor One Factor Two 
Di sturbance . 229 .757 
Elevation .786 . 302 
Topographic Position -.703 .067 
Slope Configuration . 258 -. 620 
Aspect-2 -.539 . 109 
Percent Slope .634 — . 501 
Note: The magnitude of each loading expresses the degree of 
relationship between each variable and the corresponding 
factor . 
Table 4. Correlations of environmental variables with plant 
distance. 
Wet Douglas-f i r Pine Grass/Shrub 
Plant Distance 1. 000 1. 000 1. 000 1. 000 
Elevation -.137 -.002 . 039 -.284 
Aspect-1 . 148 . 152 -.189 . 324 
Aspect-2 . 357 .094 -.125 .460 
Slope -.149 -.066 . 005 -. 129 
Topographic Position . 373 -. 157 -.165 -.239 
Slope Configuration . 267 . 073 102 -.197 
Soil Texture -.557 -.22 7 -. 162 .062 
Di sturbance -.638 -. 164 -. 550 -.438 
Table 5. Regression models for wet and dry groups. 
Site Model R2 
Wet Y = 12.55- ,07Disturb- 1.12Texture+ 1.78Topog .69 
Dry Y = -5.88+ .24Aspect-2 +.12Aspect-l -.38Disturb .48 
Note: See Appendix 2 for definition of wet and dry groups. 
Regression models were built using step method. Varibles 
appear in equation in order of percent of variation explan-
ed. For example, in wet habitat types, disturbance explained 
more variation than texture and topographic position. Each 
of these variables explained more variation than any other 
variable, and of any interactions between variables. The 
independent variable Y is average distance between plants. 
seeds can invade, germinate, and grow with little competi­
tion from neighboring plants. However, once established in 
wetter areas, spotted knapweed does not seem able to out-
compete native vegetation. If it did, knapweed plants would 
have been common in undisturbed areas at the edge of 
disturbances. There are several poss i b 1 e reasons why 
spotted knapweed may not be able to out-compete native 
vegetation in wetter sites. First, it could be that the al-
lelopathic toxin, cnicin, is leached from the soil before it 
has any adverse impacton neighboring plants (see Locken 
1985 ). Another possible reason is that many of the plant 
species which spotted knapweed would be competing with in 
the forest understory (especially ArctostaphylQS uva-ursi, 
Symphor icarpos albus , and L i nnaea boreal i s ) are also not 
preferred by cattle. Therefore, selective grazing may be a 
less important advantage for spotted knapweed in the forest. 
Third, native understory species probably out-compete 
spotted knapweed because they have evolved advantages for 
this particular environment, unlike the opportunist 
knapweed. For example, these understory species may retain 
more vigor under low light intensities than knapweed. 
Therefore, even though spotted knapweed produces far more 
seeds when moisture is not limiting, averaging 25,263 seeds/ 
plant under irrigation as opposed to 436 seeds/plant on 
dryland (Watson and Renney 1974), spotted knapweed is less 
successful on wet sites (Table 1). 
In the wetter habitats that were sampled, less vegeta­
tion probably grew on the better-drained, coarse textured 
soils, so spotted knapweed competed better here (Table 5) . 
Spotted knapweed's allelopathic toxin, cnicin, may also 
play a role in the impact of soil texture in wet areas. 
Cnicin is actually more toxic to spotted knapweed than to 
any other plant that has been bioassayed (Kelsey and 
Locken, in press). In wet habitats, cnicin is likely 
leached out of coarse-textured soils, so that spotted 
knapweed loses any chemical mechanism limiting its own 
dens ity. 
Aspect probably was not as important a variable when 
describing distance between knapweed plants in the wetter 
types because these areas are uncommon on southern exposures 
(Pfister et al. 1977). Almost all the transects on sites 
wetter than the Douglas-fir types were on north to east ex­
posures simply because these wetter types almost always oc­
cur on cooler exposures in western Montana. Vegetation on 
the wetter types was more affected by factors such as soil 
texture, and the oro graphic e f fee tt which causes more 
p_r e c i .f tM>^ h i gher eleva t i ons, .1, i mi tin g 
knapweed success on upper slopes and ridgetops. 
However, in the drier grass and shrub types differences 
in available moisture caused by soil texture and topo­
graphic position are likely smaller because aspect is such 
a dominating influence. On a southern exposure, soil will 
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dry to permanent wilting capacity of most plants early in 
summer, regardless of whether the texture is loamy sand or 
clay loam. Therefore, aspect becomes the dominating vari­
able (Table 5). Unlike wet forests, dry grasslands often 
have a large component of bare soil in the undisturbed 
climax community. Hence, spotted knapweed can invade ex­
cellent condition range (Morris and Bedunah 1984). While 
disturbance is not critical for invasion into all 
grasslands, it increases the chances for knapweed success 
(Table 5) . 
A combination of the above scenarios is probably at 
work in the Douglas-fir and ponderosa pine groups. The 
situation is especially complicated for the Douglas-fir 
group since these habitat types span such a range of sites 
- from dry, exposed southern slopes to lush, north-
facingslopes. Disturbance on an arid slope would not be as 
critical a factor, whereas on the north-facing slope in­
tense disturbance would be necessary. Thus, the amount of 
disturbance required to allow knapweed to invade varied so 
that the correlation of plant distance with disturbance was 
low (Table 4) . 
Although spotted knapweed produces more seeds on wet 
sites, it is more abundant on dry sites or on very disturbed 
sites. Therefore, spotted knapweed on wetter sites must be 
out-competed by more aggressive plants. It follows that 
disturbances in wetter habitats must be intense before 
enough plant competition has been eliminated to allow 
knapweed to succeed. On the other hand, the climax range on 
dry sites (Appendix 2) already has bare soil open to inva­
sion (Mueggler and Stewart 1980). Any small amount of dis­
turbance exposes even more bare soil. Therefore, when con­
sidering the range of moisture conditions from the wettest 
to the driest sites, it appears that the relationship of 
site disturbance to spotted knapweed success changes as the 
soil moisture changes (Fig. 1). A much greater intensity of 
disturbance is required for a given level of spotted 
knapweed success in wet areas, as opposed to dry areas. 
This information is useful in predicting which uncul­
tivated lands in western Montana are vulnerable to knapweed 
invasion. The above relationship indicates that spotted 
knapweed will only thrive in grand fir (Abies grandis), sub-
alpine fir (Abies lasiocarpa), western red cedar (Thuja 
piicata) , and western hemlock (Tsuga heterophylla) habitat 
series when the environment is greatly disturbed. However, 
in the drier habitat types such as bitterbrush/bluebunch 
wheatgrass, big sagebrush/bluebunch wheatgrass, Idaho 
fescue/bluebunch wheatgrass, bluebunch wheatgrass/Sandberg 
bluegrass, and rough fescue/bluebunch wheatgrass, spotted 
knapweed can enter undisturbed climax rangelands whenever a 
seed source is present. 
Hence, on all the drier rangelands of western Montana 
where knapweed is already present, land managers should 
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Figure 1. Relationship of site disturbance and 
relationships to spotted knapweed success. 
moisture 
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begin to view the weed as a permanent component of the plant 
community. Rather than attempting to eradicate it, manage­
ment should be geared toward control. This may be possible 
by maintaining vigorous stands of perennial grasses that 
provide strong competition for knapweed. Likely, in these 
good condition ranges spotted knapweed will always thrive on 
rodent mounds and random bare spaces between grass plants, 
but it will only spread rapidly when grass vigor has been 
reduced by drought or overgrazing. 
Given the great distribution and large population of 
spotted knapweed already present as a seed source, there is 
a high probability that spotted knapweed will eventually in­
vade all drier rangelands in western Montana to some degree. 
However, disturbance, particularly road building, will ac­
celerate this invasion. In drier rangelands where spotted 
knapweed has not yet invaded, land managers must begin to 
factor in the loss of forage production with the cost of 
building new roads or other forms of site disturbance. 
Since roads are one of the greatest avenues of spotted 
knapweed dispersion, the question of spotted knapweed inva­
sion after a road is built is not one of whether it will 
occur, but when. 
Conclusions 
While spotted knapweed can be found in almost every 
habitat type in western Montana, it probably will not be­
come a very dominate weed in wetter areas, except on very 
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disturbed sites. However, aspect in grass and shrublands is 
even more important than disturbance when predicting a 
site's risk to invasion. In drier sites where a seed 
source is available, distance between knapweed plants will 
depend on percent of bare soil in the undisturbed community, 
and time since initial invasion, as well as aspect and dis­
turbance intensity. Further investigations should examine 
the density of knapweed infestations over time to determine 
if infestations eventually decline, perhaps in response to 
the weed's own toxin, or if dry sites are continually 
reinvaded. 
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APPENDIX 1 
Disturbance Key. This key was used to translate disturbance 
classes into a numerical disturbance variable. In this 
case, Reproductive Effort was assigned three times the im­
portance of Amount of Soil Exposed (See note below). Total 
points from Amount of Soil Exposed, On-Site Seed Bank, and 
On-Site Reproductive Capacity are summed for total distur­
bance score. 
I. Amount of Soil Exposed Score 
A. Small area 
1. One time 4.17 
2. Over several years 8.33 
B. Moderate amount of area 
1. One time 12.50 
2. Over several years 16.66 
C. Entire area exposed 
1. One time 20.83 
2. Over several years 25.00 
II. Total Reproductive Effort 
A. On-site seed bank 
1. Slightly reduced 
a. One time 6. 25 
b. Over several years 12.50 
2. Moderately reduced 
a. One time 18.75 
b. Over several years 25.00 
3. Demolished 
a. One time 31.25 
b. Over several years 37.50 
B. On-site reproductive effort 
1. Slightly reduced 
a. One time 6.25 
b. Over several years 12.50 
2. Moderately reduced 
a. One time 18.75 
b. Over several years 25.00 
3. Demolished 
a. One time 31.25 
b. Over several years 37.50 
Note: Other disturbance keys that were used initially as­
signed 1) 75 points to Amount of Soil Exposed + 25 points to 
Total Reproductive effort, 2) 50 points to Amount of Soil 
Exposed + 50 points to Total Reproductive Effort, and 3) 50 
points to Amount of Soil Exposed + (50 points to Total 
Reproductive Effort)2. The variable produced by the distur­
bance key displayed above was used for statistical analyses 
because in the Factor Analysis Model, it explained the 
greatest amount of variation in plant distance. The distur­
bance variable that explained the least amount of variation 
(68%) was Number 1 listed above. 
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APPENDIX 2 
List of Average Plant Distances in Each Habitat 
Type Both off Roads and on Roads 
Off Roads On Roads 
Avg • Avg • 
Plant Plant 
Dist. Dist. 
Habitat Type (m) n (m) n 
Dry Group: 
Purshia tridentata/Agropyron spicatum 2. 095 6 0. 100 1 
Artemisia tridentata/Agropyron spicatum 0. 602 3 0. 100 1 
Festuca idahoensis/Agropyron spicatum 1. 253 5 0. 145 4 
Agropyron spicatum/Poa sandbergii 2. 394 5 0. 453 3 
Festuca scabrella/Agropyron spicatum 5. 008 5 4. 475 3 
Artemisia tridentata/Festuca scabrella 6. 685 2 0. 130 1 
Festuca scabrella/Festuca idahoensis 3. 298 5 0. 305 4 
Ponderosa Pine Group: 
Pinus ponderosa/Agropyron spicatum 2. 446 11 0. 587 7 
Pinus ponderosa/Purshia tridentata 3. 505 1 0. 100 1 
Pinus ponderosa/Festuca idahoensis 1. 898 10 0. 903 7 
Douglas-fir Group: 
Pseudotsuga menziesii/Arctostaphylos uva-ursi 6. 315 1 - -
Pseudotsuga menziesii/Agropyron spicatum 3. 864 7 1. 217 8 
Pseudotsuga menziesii/Festuca scabrella 3. 920 1 0. 100 1 
Pseudotsuga menziesii/Symphoricarpos albus 0 • 479 A Q *3 O 0 . r- 4 9 
Pseudotsuga menziesii/Spirea betufolia 5. 863 2 1. 833 2 
Pseudotsuga menziesii/Calamagrostis rubescens 3. 579 21 0. 436 19 
Pseudotsuga menziesii/Vaccinium globulare 4. 072 17 0. 369 17 
Pseudotsuga menziesii/Physocarpos malvaceus 3. 892 33 0. 351 31 
Pseudotsuga menziesii/Vaccinium caespitosum 2. 391 8 0. 256 8 
Pseudotsuga menziesii/Linnaea borealis 9. 835 3 1. 333 3 
Wet Group: 
Pinus contorta/Vaccinium caespitosum 9. 300 2 - -
Picea/Vaccinium caespitosum 3. 623 2 0. 108 2 
Picea/Linnaea borealis 8. 353 3 3. 868 3 
Picea/Physocarpos malvaceus 1. 635 1 0. 140 1 
Abies grandis/Xerophyllum tenax 6. 535 1 0. 155 1 
Abies grandis/Linnaea borealis 3. 217 3 0. 108 3 
Abies grandis/Clintonia uniflora 7. 408 4 1. 565 4 
Abies lasiocarpa/Xerophyllum tenax 5. 019 4 3. 919 4 
Abies lasiocarpa/Linnaea borealis 0. 145 1 0. 120 1 
Abies lasiocarpa/Clintonia uniflora 7. 708 2 0. 585 2 
Thuja piicata/Clintonia uniflora 5. 951 6 3. 688 6 
Tsuga heterophylla/Clintonia uniflora 8. 235 1 0. 100 1 
